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RESEARCH MEMORANDUM 

A  BRIEF  ANALOG  INVESTIGATION OF INERTIA COUPLING IN 

ROLLING MANEUVERS OF AN AIWLANE CONFIGURATION 

USING A VARNBLE -1NC  IDENCE  WING AS 

THE LONGITUDINAL  CONTROL 

By Clarence L. Gillis 

An analog  computer  study  was  made  in  order to investigate  the  iner- 
tia  coupling  in  rolling  maneuvers  of an airplane  configuration  utilizing 
a  variable-incidence  wing  for  longitudinal  control. A five-degree-of- 
freedom  system  of  equations  was  used,  and  only  one  set  of  flight  condi- 
tions  was  included  in  this  study.  The  results,  when  compared to those 
for  a  conventional  tail-control  airplane,  indlcated  significant  advan- 
tages  for  the  variable-incidence-wing  type  of  control  in  reducing  unde- 
sired  dynamic  effects  during  rolling  maneuvers. 

INTRODUCTION 

The  problem  of  inertia  coupling of the  longitudinal  and  lateral 
notions  of  airplanes in  rolling  maneuvers  has  been  extensively  investi- 
gated,  both  experimentally  and  analytically,  and  various  methods  have 
been  proposed  for  eliminating  roll  coupling  or  at  least  reducing  the 
magnitude  of  the  coupling to acceptable  values.  (See  refs. 1 to 7. ) 
Reference 7 contains  a  good  discussion  of  the  effects  of  the  individual 
coupling  terms and of  the  interaction  of  these  coupling  terms to produce 
the  complex  dynamic  response  during  rolling  maneuvers.  The  investigation 
described  herein  concerns  a  proposed  method  of  operation  of  airplanes 
which  might  lead to reduced  inertia  coup4ing as well  as to some  other 
possible  advantages.  The  method  of  operation  consists  of  obtaining  nor- 
m l  acceleration  by  varying  the  wing  incidence  while  keeping  the  fuselage 
at a relatively  constant  angle  of  attack, as is  done  for  some  missiles. 
Other  studies (refs. 3 and 7) have  shown  that  one  of  the  most  important 
effects  causing  coupled  longitudinal  and  lateral  motions  is a term  in 
the  side-force  equation  proportional to the  product  of  angle  of  attack 
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and  rolling  velocity. By permitting  the  fuselage,  and  thus  the  princi- 
pal  axis, to remain  at a small  8nd  relatively  constant  angle  of  attack, 
the  variable-incidence-wing  type of longitudinal  control  might  thus 
alleviate  the  inertia  coupling  problem.‘ 

The  present  investigation  is  preliminary  because  the  investigation 
considers  only  one  configuration,  which  may  not  be  optimum  as  far  as 
variable-incidence  operation  is  concerned,  and  because  the  calculations 
are  made  for  only  one  set  of  flight  conditions  and  for  one  type  of 
rolling-pullout  maneuver.  Calculatlons  to  simulate  airplane  motions 
were  made  on an electronic  analog  computer  at  the  Langley  Aeronautical 
Laboratory,  using  a  five-degree-of-freedom  system  of  equations,  with 
f‘orward  velocity  considered  constant.  The  flight  conditions  and mass 
characteristics  used  for  the  calculations  represented  a  free-flight 
rocket-propelled  model  airplane.  The  application  of  results  to  a  full- 
scale  airplane  is  discussed. 

SYMBOLS 

lift  coefficient, - Lift 
q ’ S  

pitching-moment  coefficient, Pitching  moment 
q 7SE 

rolling-moment  coefficient , Rolling  moment 
q ‘Sb 

yawing-moment  coefficient , Yawing  moment 
q’Sb 

lateral-force  coefficient, Lateral  force 

q ‘ S  

wing  span, ft 

wing  mean  aerodynamic  chord,  ft 

rr,oxents of inertia  about X-, Y-, and  Z-axes  (fig . 1) , 
s19pftZ 

product  o€ inertia 

rxiii of gyration  zbout X-, Y-, and  Z-axes,  ft 
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M Mach  number 

m 

P 

mass, slugs 

rolling  angular  velocity,  radians/sec 

p, atmospheric  pressure,  lb/sq  ft 

pitching  angular  velocity,  radians/sec 

dynamic  pressure, lb/lsq ft 

yawing  velocity,  radians/sec 

S wing  area, sq ft 

time,  see 

velocity,  ft/sec 

weight,  lb 

U angle  of  attack,  radians 

P 

6 

'a 

P 

angle  of  sideslip,  radians 

longitudinal  control  deflection  (positive  with  trailing 
edge down), radians 

differential  deflection  of  two  ailerons  (positive  in a 
direction to give  positive roll), radians 

atmospheric  density, slug/cu ft 

P relative  density  factor, m/pSE 

Subscripts: 

maX maximum 

S stabilizer 

ss steady  state 

W 

c 

J 

wing 

conventional  configuration 

variable-incidence-wing  configuration 

ewwmmlm 
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The  quantities a, P ,  6, .and 6a used  as  subscripts  to  coeffi- 
cients  indicate  the  partial  derivative  of  the  coefficient  with  respect 
to  the  quantity,  such  as 

The  quantities dL, 0, p,  q,  and r used  as  subscripts  to  coefficients 
indicate  the  partial  derivative  of  the  coefficient  with  respect  to  the 
nondimensional  quantities &;/2V, ib/2V,  pb/2V,  qc/2V,  and  rb/2V 
such  as 

EQUATIONS OF MOTION 

The  equations  of  motion  were  written  for  the  body  axes  system  illus- 
trated  in  figure 1. These  axes are considered  fixed  in  the  fuselage  for 
all  calculations  presented  herein.  The  equations  as  set  up  for  the  ana- 
log computer  were 

p = - r + u p + -  
mV 

..- 
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r + cn.P + cnPp\ 
P / 

5 

, All gravity  terms  have  been  omitted  from  the  above  equations  as  well  as 
certain  aerodynamic  terms  such  as  Cm(p)  and Cy,. For the  flight  con- 
ditions  used  herein  the  gravity  terms  are small and  approximately  equal 
for  the  two  configurations,  and  the  aerodynamic  terms  omitted are assumed 
to be  negligible. In the  calculations  it  was  assumed  that = -r in 
equation ( 5 ) ,  thus a slight  simplification  of  the  last  term  is  possible. 

CALCULATIONS 

The  calculations  were  made  for  the  configuration  shown  in  figure 2. 
This configwation was  chosen  from  considerations  of expcdiswy, and nc. 
studies were made to derive an optimum  configuration  when ;L variable- 
incidence  wing  was  employed.  Aerodynamic  d.ata  on  this  and  a  similar 
configuration  were  available  from  references 8 and 9. 

The  calculetions  were rnade for  a !\Tach number  of 2.0. The  flight 
conditions  used  were  those  existing  on the rocket-powered  model of refer- 
mce 8 at  this  Xach  number.  These  conditions,  at  low  altitudes  (see 
table I), are  dynamically  similar to a  representative  full-scale  airplane 
at  altitudes  in  the  range  of 30,000 to 50,000 feet,  as  is  discussed  in 
the  section  on  "Application  to  Full-scale  Airplane." 

Calculations  were  made  for  both  a  conventional  configuration,  that 
is,  a  configuration  with  a  fixed  wing  and  an  all-movable  stabilizer,  and 
for  a  configuration  with an all-movable  wing  and  a  fixed  stabilizer.  The 
aerodynamic  characteristics  used  for  ,the  two  configurations  are  given in 
table 11. In estimating C L ~  and Cm6 for  the  variable-incidence-wing 

airplane  the loss in lift  across  the  fuselage  and  the  effect  of  the down- 
wash  on  the  tail  from  the  deflected  wing  were  accounted  for. No changes 
in the  derivatives with angle  of  attack  were  considered.  The  calcula- 
tions  included  two  values  of C z P ,  as indicated  in  table 11. 

In order  to  keep  the  fuselage  at a relatively  fixed  angle  of  attack 
during  maneuvers,  the  term C for  the  variable-incidence  wing  control 

ideally must be  zero. For any  given  set  of  flight  conditions can 
m6 

c% 
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usual ly  be kept a t  zero  by making fairly small changes in   configurat ion;  
f o r  example, in   the   p resent   case   can   be  made zero  while  keeping 

cma t h e  same as for the  conventional  configuration by moving t h e  wing 

forward 7 percent of t h e  mean aerodynamic  chord  and  approximately 
doubl ing  the  horizontal- ta i l  area, as indica ted   by   the   do t ted   l ines   in  
f igure  2. Further comments on t h i s   s u b j e c t  are included  subsequently. 

The maneuver chosen f o r   t h e   c a l c u l a t i o n s  was a pull-up  followed by 
a r o l l .  The a i rp lane  was assumed t o   b e   i n   l e v e l   f l i g h t   i n i t i a l l y ,  and 
an  abrupt s tabi l izer  o r  wing def lec t ion  w a s  appl ied  to   produce a change 
in   s teady-s ta te  l i f t  coe f f i c i en t  of 0.2. Aileron  def lect ions were then 
applied a t  two d i f fe ren t   t imes   dur ing   the  maneuver. I n  one s e t  of runs 
the   t rans ien t   mot ion   resu l t ing  from the  pul l -up was allowed t o  damp t o  
a small magnitude,  and the   a i l e ron   de f l ec t ion  was then  appl ied  abrupt ly .  
I n   t h e   o t h e r   s e t  of runs   t he   a i l e ron   de f l ec t ion  was appl ied  abrupt ly  a t  
o r  near   the f i rs t  peak i n  normal accelerat ion  (or   angle  of a t t a c k )   f o l -  
lowing the  control  motion.  In  both  cases  the  ailerons  remained  deflected 
fo r  a t ime  in te rva l   suf f ic ien t   to   g ive   approximate ly  a 150° t o  180' r o l l .  
The a i l e rons  were then moved abruptly  back t o   n e u t r a l ,  and  following 
another  time  -interval t o  permit damping  of t h e   r e s u l t i n g   t r a n s i e n t   t h e  
s t a b i l i z e r  was a l so   r e tu rned   t o   neu t r a l .  Some s tudies  have indicated 
that   larger   t ransient   motions may be encountered  in  recovering from a 
maneuver than  during  the maneuver. Seve ra l   d i f f e ren t   a i l e ron   de f l ec -  
t ions  were  used t o  produce   ro l l ing   ve loc i t ies  from low values up t o  
values  near  those  corresponding  to  resonance  with  the yawing  motion 
(20  radians/sec) . The na tura l   f requency   in   p i tch  was 23 radians/second. 
The rol l ing  divergence a t  resonance was not   inves t iga ted   in   th i s   s tudy .  
Almost a l l  of the  operat ional   rol l ing  motions of an  airplane  occur a t  
r o l l  r a t e s  less than  the  resonance  rate,  and  even  under  these  conditions 
severe  excursions  in   pi tch  and yaw can  occw  and 1ea.d to   violent   motions 
and   excess ive   a i rc raf t   loads   ( re f .  4 ) .  Calculations f o r  the   var iab le-  
incidence-wing  airplane  included  several   other  conditions,   but  these 
conditions  are more convenient ly   discussed  with  the  resul ts  where t h e i r  
purpose becomes c l e a r .  

RESULTS 

A t o t a l  of about 60 analog computer runs were made. For i l l u s t r a -  
tive  purposes 23 of these  runs a r e  shown i n   f i g u r e s  3 to 7 as time h is -  
t o r i e s  of l a t e r a l  and  longitudinal  motions. Summary p l o t s  of some of 
t h e   s i g p i f i c s n t   r e s u l t s  are presented   in   f igures  8 t o  10. 
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D I S C U S S I O N  

Longitudinal  Motion 

Pure  longitudinal  motion,  with  no  aileron  deflection,  is  shown  in 
figure 3 for  both  the  conventional  and  variable-incidence  configuration. 
During  the  pull-up  the  steady-state  value  of  pitching  velocity  is  the 
same  for  the  two  configurations,  as  it  should  be,  because  a  lift  coef- 
ficient  increment  of 0.2 was  called  for  during  the  maneuver.  The  change 
in  steady-state  angle of attack  is  about 7' for  the  conventional  con- 
figuration  and  very  nearly Oo when  the  variable-incidence  wing  is  used. 
The  amplitude  of the oscillatory  mction  resulting  from  abrupt  deflection 
of  the  control  is  much  smaller  for  the  variable-incidence-wing 
configuration. 

Combined  Motions 

Some  preliminary  computer  runs  indicated  that  for  the  variable- 
incidence  configuration  the  steady  rolling  velocity  was  appreciably 
higher  than  for  the  conventional  configuration  with  the  same  aileron 
deflection.  Since  a  comparison  of  the  two  configurations on the  basis 
of  equal  rolling  velocities  rather  than  equal  aileron  deflections  is 
more  meaningful  for  a  study  of  the  motions,  the  aileron  deflections  for 
the  variable-incidence  configuration  were  reduced  for  almost  all  of  the 
runs so as to produce  rolling  velocities  more  nearly  equal to those  for 
the  conventional  configuration. 

Time  histories. - For the  combined  longitudinal  and  lateral  motions 
the  majority of the  calculations  were  performed  with C z p  = -0.10,  which 
corresponds to the  airplane  with  no  wing  dihedral.  These  results  are 
presented ir, figures 4 and 5. The  aileron  deflections  were  chosen so 
that  the  largest  values  used  would  give  roll  velocities  near  the  uncou- 
pled yaw  frequency (20 radians/sec),  according to an estimate  from an 
equation  for  a  single-degree-of-freedom  roll. For the  conventional  con- 
figuration  with = -0.10 the  rolling  velocities  are  only  about  one- 

half of those  from  the  single-degree-of-freedom  calculations.  This 
result  is  primarily  due to positive  sideslip  angles,  developed  during 
the  maneuvers  (fig. 4), which  produce  opposite  rolling  moments  because 
of  the  dihedral  effect.  These  positive  sideslip  angles  are  caused  by 
coupling  terms  other  than  aerodynamic  since  Cn 

to be zero for all calculations  herein.  (See  table 11. ) Coupling 
effects on the  longitudinal  motion  of  the  conventional  configuration  are 
evident  in  figures  4(b), (e) and (d) by increases in  magnitude  of q 
and a during  the  time  the  aileron  is  deflected.  When  the  aileron 

c z P  

6, and c% 
were  assumed 
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def l ec t ion  was appl ied   near   the  f irst  peak i n   a n g l e   o f   a t t a c k   ( f i g .  5 )  
t he   l a t e ra l   mo t ions  of the  conventional  configuration were more v io l en t ,  
wi th   the   ro l l ing   ve loc i ty   revers ing  sign f o r  a shor t  t i m e  i n  one case 
( f i g .  5(a) 1 - 

The f i rs t  calculat ions  with  the  var iable- incidence wing  were made 
wi th   the   fuse lage   s teady-s ta te   angle  of a t t a c k   e q u a l   t o   z e r o .  These 
c a l c u l a t i o n s   i n d i c a t e d   o s c i l l a t o r y   i n s t a b i l i t y   f o r   t h e   s m a l l e s t   a i l e r o n  
d e f l e c t i o n   ( d o t t e d   l i n e ,   f i g .  4 ( a ) )  and   d ivergence   for   the   l a rger   a i le ron  
de f l ec t ions   (do t t ed   l i nes ,   f i g s .   4 (b )  and 5 ( a ) ) .  The a i l e ron   de f l ec t ions  
fo r   t hese   runs  were t h e  same as for   the  convent ional   configurat ion,  and 
the   h ighe r   ro l l i ng   ve loc i ty  i s  ev ident   in   f igure  4(a) . It i s  not  believed 
that t h e   l a r g e r   r o l l i n g   v e l o c i t i e s   a r e   t h e   c a u s e  of t h e   i n s t a b i l i t y ,  how- 
ever,  because as shown l a t e r   h i g h e r   r o l l i n g   v e l o c i t i e s  were  obtained on 
other   runs  without   producing  instabi l i ty .   Since  for   the  condi t ion of 
zero  fuselage  angle   of   a t tack  the  a i rplane  pr incipal  axis i s  inc l ined  
nose down w i t h   r e s p e c t   t o   t h e   f l i g h t   p a t h ,  it appeared that poor damping 
of t h e   l a t e r a l  motion may have  been  the  basic   cause  of   the  unsat isfactory 
motion  and that only a small amount of  coupling  produced  instabil i ty.  
Note i n   f i g u r e  4(a)  that the   o sc i l l a to ry   l a t e ra l   mo t ion ,  which i s  exci ted 
by the  a i leron  def lect ion  and  then  increases   in   ampli tude,   subsequent ly  
damps  when t h e  wing de f l ec t ion  i s  re turned   to   zero .  

I n   o r d e r   t o   o b t a i n   b e t t e r  damping of t h e  lateral  o s c i l l a t i o n s   t h e  
fuselage  can  be  trimmed t o  some pos i t ive   angle  of a t t ack   r a the r   t han  
zero, as i n   t h e  f i r s t  var iable- incidence  calculat ions.  A constant  deflec- 
t i o n  of t he   ho r i zon ta l  t a i l  w i l l  accomplish  this  trimming;  accordingly, 
two a d d i t i o n a l   s e t s  of ca lcu la t ions  were made wi th   the   fuse lage   angle  of 
a t t a c k  a t  l / 3  and 2 / 3 ,  respec t ive ly ,  of the  value of the   angle  of a t t a c k  
of the  conventional  configuration  during  the  pull-up a t  a l i f t  coe f f i -  
cient  of 0.2.  Both s e t s  of calculat ions showed  damped motions  with no 
divergences,  and  there w a s  l i t t l e   d i f f e r e n c e  between  the two se t s ;   t he re -  
fore ,  a l l  motions  subsequently  discussed  for  the  variable-incidence-wing 
configurat ion  are   for   the  condi t ion of the   fuse lage   s teady-s ta te   angle  
of a t t a c k   e q u a l   t o  l / 3  of tha t   for   the   convent iona l   conf igura t ion   dur ing  
t h e   p u l l  -up . 

The importance t o   t h e  coupled  motion  of  the up t e r m  i n   t h e   s i d e -  
force  equation  can  be  seen  by  observing  the  effect  of t he   s t eady- s t a t e  
angle of a t t a c k  on t h e   i n i t i a l   s i d e s l i p   t r a n s i e n t s   i n   f i g u r e s  4(a) ,  
4 (b)  , and 5( a )  . A decrease  in   angle  of a t t a c k  from 0.12 rad ian  (6.9') 
for   the   convent iona l   conf igura t ion   to  0.04 radian (2.30) f o r   t h e   v a r i -  
&le   inc idence   conf igura t ion   resu l ted   in   l a rge   reduct ions   in   the   in i t ia l  
s ides l ip   ang le s .  A fur ther   decrease   in   angle  of a t tack   to   zero   caused  
a r eve r sa l   i n   s ign  of t he   i n i t i a l   s ides l ip   mo t ions .  The angle of a t t a c k  
of t he   p r inc ipa l  axis i s  nega t ive   fo r   t he   l a t t e r   ca se .   In   f i gu res   4 (b )  
and 4(aj  i t  i s  evident   that   for   the  zero  angle-of-at tack  case  the  posi-  
t i v e   r o l l i n g   v e l o c i t y  and  negat ive  s idesl ip   angle   are   re inforcing  each 
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other to the  extent  that  apparent  divergences  in  both  the  lateral  and 
longitudinal  motions  existed. 

Although  the  aileron  deflections  for  the  variable-incidence  con- 
figuration  with  a  positive  trim  angle  of  attack  are  about 25 percent 
smaller  than  for  the  conventional  configuration,  the  rolling  velocities 
are  slightly  higher  (figs. 4 and 5) because  of  the  smaller  sideslip 
angles  developed by  the  variable-incidence  configuration  during  rolling. 
The  yawing  velocities  during  the r o l l  are  considerably  smaller  for  the 
variable-incidence  airplane. 

For  the  cases  with  aileron  applied  near  the  first  peak  in  angle  of 
attack  (fig. 5) the  variations  in  rolling  velocity  and  sideslip  angle 
were  much  less  for  the  variable-incidence  configuration  (long  dash  line, 
fig. 5) than  for  the  conventional  configuration  (solid  line,  fig. 5). 
No  reversals  in  direction  occurred  for  the  variable-incidence  configura- 
tion  prior to return  of  the  aileron to neutral.  Effects  of  the  lateral 
motion  on  the  longitudinal  motion  are  evident  in  figures 4 and 5 for  the 
variable-incidence  configuration,  but  in  no  case  do  these  effects  appear 
to be  larger  than  for  the  conventional  configuration. 

For the  motions  in  figures 4(a), 4(c), and  5(b)  the  amplitudes  of 
the  lateral  oscillations  remaining  after  the  ailerons  are  returned to 
neutral  are  larger  for  the  variable-incidence  configuration  than  for 
the  conventional  configuration,  while  for  all  other  motions  illustrated 
the  opposite  is  true.  The  effect  seemed to occur  randomly  in  about 1/4 
to l / 3  of  the  comparable  analog  runs  made  for  the  two  configurations 
and  is  probably  a  function  of  the  initial  conditions  existing  when  the 
ailerons  are  returned to neutral. 

The  large  losses  in  rolling  velocity  caused  by  the  sideslip  angles 
indicated  that  in  terms  of  airplane  flying  qualtities  the  effective  dihe- 
dral  of  the  airplane  was  excessive  for  the  calculations  previously  dis- 
cussed.  Additional  calculations  were  made  with C reduced to -0.02, 
as  might  be  obtained  with  negative  wing  dihedral,  and  some  of  these 
results  are  presented  in  figures 6 and 7. Note  that  the  scale  in 
figures 6 and 7 has  been  reduced  by a factor  of  five  from  that  used  in 
previous  figures. 

2 8  

The  conclusions  obtained  from  the  study  of  motions  with C = -0.10 
l P  

are  even  more  strongly  evident  from  the  motions  with C = -0.02. For 
a given  aileron  deflection  smaller  losses  in  rolling  velocity  caused by 
sideslip  angles  occurred  when C z p  was  reduced.  The  variable-incidence 

airplane  again  produced  higher  rolling  velocities  than  the  conventional 
configuration  for  the  same  aileron  deflection.  With  the  dihedral  reduced 
the  variable-incidence  airplane  had an even  greater  advantage  over  the 

l P  
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conventional  airplane and.produced maximum  sideslip  angles  only  about 
l/5 as  large.  The  yawing  velocities  were  again  much  smaller  for  the 
variable-incidence  airplane  than  for  the  conventional. 

Summary plots.-  Some of the  results of this  investigation  are sum- 
marized  in  figures 8 to 10. Figure 8 shows  the  approximate  steady-state 
rolling  velocities  obtained  compared  with  those  that  would  be  obtained 
from  a  single-degree-of-freedom roll. The  large  losses  in  rolling  veloc- 
ity  due  to  the  sideslip  developed  are  evident. For the  same  aileron 
deflections  the  rolling  velocities  for  the  variable-incidence  configura- 
tion  were  higher  than  for  the  conventional  configuration  by  about 50 per- 
cent  for C z p  = -0.10 and  by  about 30 percent  for C = -0.02. 

- 

IP 

The  values  of  maximum  sideslip  angle  shown  in  figure 9 are  signifi- 
cantly  less  for  the  variable-incidence  configuration  than  for  the  con- 
ventional  configuration  at  the  same  rolling  velocity.  Although  the 
resonance  condition  was  not  reached  it  was  closely  approached  and  fig- 
ure  9(b)  shows  that  for  the  conventional  configuration  the  sideslip  angle 
excursions  were  increasing  at  a  rapid  rate  at  the  higher  rolling  veloc- 
ities.  The  rate  of  increase  with  rolling  velocity  for  the  variable- 
incidence  configuration  was  much  smaller. 

The  large  reductions  in  maximum  yawing  velocity  produced  by  the 
variable-incidence  airplane  compared  with  the  conventional  are  illus- 
trated  in  figure 10. The  maximum  yawing  velocities  were  not  as  greatly 
affected  by  reducing  the  dihedral  as  were  the  maximum  sideslip  angles. 

Inertia  coupling  terms.-  The  terms  in  the  equations  listed  previ- 
ously  which  cause  coupling  of  the  lateral  and  longitudinal  motions  are 
terms  proportional  to  pp,  up,  qr,  pq,  pr, r2, and  p2. For the 
airplane  configuration  and  flight  conditions  used  in  the  calculations 
herein,  the  results  indicated  that  for  equal  rolling  velocities  the 
quantities (3, u, r, and the  transient  portion of q  were  smaller 
for  the  variable-incidence-wing  type  of  pitch  control  than  for  conven- 
tional tail control.  While p2 and  the  steady-state  values  of  pq 
were  the  same  for  the  two  modes  of  operation,  all  other  coupling  terms 
were  smaller  for  the  variable-incidence  configuration.  This  fact  was 
confirmed by recorded  values  of  some  of  these  coupling  terms  obtained 
but  not  illustrated  herein. For a  rolling  maneuver  during a steady 
pull-up (q = constant)  the  term  pq  will  be  the  same  regardless  of  the 
type of control  used  or  of  the  airplane  attitude  (except  insofar  as  p 
is affected  by  the  choice  of  axes). By referring  to  equation (5) it  can 
be  seen  that  if q is  constant  the  term 

tive  negative  value  of C for the  type  of  airplane 

*x - Ly pq 
IZ 

nP 

produces  an  effec- 

under  consideration 
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( Iy l a rge r   t han  Ix), as pointed  out   in   reference 3. Negative  values 

of Cnp produce  destabi l iz ing  effects  on t h e   l a t e r a l  motion ( r e f s .  3 
and 10) . Because s ign i f i can t   r educ t ion   i n  p and r was obtained 
when the  var iable- incidence wing was used,  the  conclusion i s  reached 
that t h e   d e s t a b i l i z i n g   e f f e c t  of the  pq  term was small when compared 
wi th   the   benef ic ia l   reduct ions   in   o ther   coupl ing   te rms   such  as up. 

Applicat ion  to   Ful l -scale   Airplane 

A s  ment ioned   prev ious ly ,   the   f l igh t   condi t ions   used   in   th i s   inves-  
t i g a t i o n  were those   ex is t ing  a t  a Mach  number of  2.0 fo r   t he   rocke t -  
propel led  a i rplane model  of reference 8. The motions  obtained  in   this  
study, when nondimensionalized t o   t h e  forms pb/2V, qE/2V, and rb/2V, 
can  be  considered as applying t o  a fu l l - sca le   a i rp lane   having  dynamic 
s i m i l a r i t y ;   t h a t  is, t h e  same value of t h e   r e l a t i v e   d e n s i t y   f a c t o r  p 
and t h e  same nondimensional r a d i i  of  gyration  such as k  b and k E .  
For example, if  t h e  model  used i s  assumed t o  be a 1/6-scale model  of a 
25,000-pound a i rp l ane ,   t hen   t he   equ iva len t   a i rp l ane   a l t i t ude  i s  about 
40,000 f e e t .  The r e s u l t s   i n   f i g u r e s  3 t o  10 may be  considered t o  apply 
d i r e c t l y   t o   s u c h   a n   a i r p l a n e  i f  the   va lues  of t he   s ca l e s   fo r   angu la r  
ve loc i t i e s   a r e   d iv ided  by 6.56 and  the  values  cf the   t ime   s ca l e   a r e  mul- 
t i p l i e d   b y   t h e  same f a c t o r   s i n c e   t h i s   f a c t o r   a c c o u n t s   f o r   t h e   a i r p l a n e -  
to-model   scale   ra t io   and  the  var ia t ion  of   speed of  sound w i t h   a l t i t u d e .  

xi Y I  

For the   p resent   inves t iga t ion   the   va lue  of CX f o r   t h e   v a r i a b l e -  
incidence-wing  configuration was kept   the  same as for   the   convent iona l  
configuration so  t h a t   t h e   n a t u r a l   f r e q u e n c i e s   i n   p i t c h ,  which  appear i n  
f requency  ra t ios  that are  important   in  r o l l  coupl ing   ( re f .  1) , would be 
t h e  same. For a conven t iona l   a i rp l ane   t he   s t a t i c   s t ab i l i t y  CX pro- 
v i d e s   s t a b i l i t y  of the  short-period  motion and a c t s  as a spr ing  constant  
which  must  be overcome by   the   longi tudina l   cont ro l  i n   o r d e r   t o  

maneuver the   a i rp l ane .  For a variable- incidence  a i rplane  the lat ter 
func t ion   d i sappears ,   and   the   c r i te r ion   for   es tab l i sh ing   des i rab le   va lues  
of s t a t i c   s t a b i l i t y  may be   qu i te   d i f fe ren t .   For  example, g r e a t e r   f r e e -  
dom might   be  possible   for   select ing  the  pi tch  f requency i n  r e l a t i o n   t o  
t h e  yaw frequency  and  thus  further  reduce  the  coupling  tendencies.  

cm8 

F 

The condition Cm8 = 0 may be   s a t i s f i ed   fo r   any   g iven  set o f   f l i g h t  

conditions  by  the  proper  choice of s ize   and   loca t ion  of  wing and ta i l ,  
as indicated  previously.  It i s  not t o  be  expected that Cm8 w i l l  remain 
zero as t h e  Mach nwnber and a l t i t u d e  change. The value  of Cm8 might  be 
kep t   r e l a t ive ly  small, however, by  sui table   choice of t a i l  plan  form  and 
a s p e c t   r a t i o .  The e f f e c t  of such  nonzero  values of Cm8 on the  coupled 
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motions  would,  of  course,  be an important  factor  for  investigation  when 
assessing  the  value  of  variable-incidence-wing  control. 

CONCLUDING REMARKS 

The  brief  investigation  described  herein  indicates  that  the  use  of 
a  variable-incidence  wing  as.  the  primary  longitudinal  control for air- 
planes  may  offer  some  advantages  over  a  conventional tail control  in 
the  matter  of  reducing  undesired  dynamic  effects  during  pullout  rolling 
maneuvers.  Some of these  advantages  are:  smaller  pitch  transients 
during  a  symmetrical  pull-up;  greater  rolling  velocity  for  a  given 
aileron  deflection  because of smaller  adverse  sideslip  angles;  and  a 
reduction in inertia  coupling  between  longitudinal  and  lateral  motions. 
It was  indicated  that  one  of  the  primary  effects  leading to the  reduced 
coupling  was  the small fuselage  angles  of  attack  permitted by  the 
variable-wing-incidence  type  of  control.  The  present  study  is  limited 
in  that  only  one  set  of  flight  conditions  was  used  in  the  study,  and 
no  attempt  to  derive  the  optimum  variable-incidence  configuration  was 
made.  It  is  believed,  however,  that  this  investigation  indicates  suffi- 
cient  promise  of  benefit to  be  derived  from  the  use  of  a  variable- 
incidence  wing  that  further  investigation  is  warranted. 

Langley  Aeronautical  Laboratory, 
National  Advisory  Committee  for  Aeronautics, 

Langley  Field,  Va., June 5, 1957. 
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TABLE I 

NACA RM ~ 5 7 ~ 1 8  

M . . . . . .  
V, ft/sec . . 
q ' ,  lb/sq ft 

W.1b . . . .  
p-7 lb/sq ft 

Ix. slug-ft2 
Ty. slug-ft 2 

Iz. slug-ft 

IXZ' slug-ft 

2 

2 

FLIGHT  CONDITIONS AND W S S  CHARACTERISTICS 

. . . . . . . . . . . . . . . . . . . . . . . . . .  2.0 

. . . . . . . . . . . . . . . . . . . . . . . . . .  2. 200 

. . . . . . . . . . . . . . . . . . . . . . . . . . 3 ,  7 60 

. . . . . . . . . . . . . . . . . . . . . . . . . .  1, 347 
300 . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . .  3.7 

. . . . . . . . . . . . . . . . . . . . . . . . . .  102 

. . . . . . . . . . . . . . . . . . . . . . . . . .  104 

. . . . . . . . . . . . . . . . . . . . . . . . . .  4 



TABLE I1 

AERODYNAMIC C W A C T E R I S T I C S  



16 

~~ 

NACA RM ~57~18 

" Relative wind \ ' I  

i 

Z 

Figure 1.- Body-axes system. All q u a n t i t i e s   i l l u s t r a t e d   i n   p o s i t i v e  
direct ion  except  p .  

/7 

s = 10.0 sq f t  
E = 2.36 f t  
b = 5.67 f t  Conventional 

""_ Variable incidence 

Figure 2.-  Airplane  configuration  used  in  study. 
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Figure 3 . -  Longitudinal  response to   p i t ch   con t ro l   de f l ec t ion .  
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Figure 4 . -  Combined lateral  and longitudinal  motions.   Aileron  deflection  applied at 1.0 see.  
c = -0.10. 
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Figure 4.-  Continued. 
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Figure 4. - Continued. 
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Figure 4.- Concluded. 
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Figure 5. -  

0 .2 + .6 .8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4  2.6 2.8 3.0 
t,sec 

(a )  ?ja, = 0.300; 6a,v = 0.231 and 0.300. 

Combined lateral  and longitudinal  motions.  Aileron  deflection  applied after 
fourth  cycle  of p i t ch   o sc i l l a t ion .  

c l P  = -o*lo* 
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Figure 5 . -  Concluded. 
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Figure 6 . -  Combined lateral and longitudinal  motions.  A-ileron  deflection  applied a t  1.0 sec. 
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Figure 7.-  Combined lateral and longitudinal  motions. Ai le ron   def lec t ion   appl ied   a f te r  one-fourth s;il 

cycle of p i t ch   o sc i l l a t ion .  C i B  = -0.02; 
= 0.400; Ba,v = 0.367. aJ 
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Figure 8.- Approximate steady-state rolling velocities. 
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( b )  C z p  = -0.02. 

Figure 9.- Maximum sidesl ip   angles   obtained  during  rol l ing  maneuvers .  
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Figure 10.- Maximum yawing velocit ies  obtained  during  roll ing  maneuvers.  
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